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This paper demonstrates the enhanced detectability of barely visible impact damage in CFRPs through low 
power vibrothermography of in-plane local defect resonances (LDR). In-plane LDR (LDRXY), with a higher 
cut-off frequency than out-of-plane LDR (LDRZ), generally enhances the rubbing interaction and viscoelastic 
damping of defects and leads to higher vibration-induced heating. The most prominent LDRZ and LDRXY 
frequencies of an impacted CFRP are extracted from its vibrational spectra under a broad-band sweep 
excitation, measured by a 3D scanning infrared laser Doppler vibrometer. The sample is then inspected through 
lock-in vibrothermography at the extracted LDR frequencies. The measured thermal contrast induced by 
LDRXY is significantly higher than that of LDRZ.
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I. Introduction
Composite materials, such as carbon fiber reinforced polymers (CFRP), show high specific
strength but are susceptible to internal damages. A low velocity impact will typically result in a
complex distribution of internal cracks and delaminations and is therefore referred to as barely
visible impact damage (BVID). Of utmost importance is a non-destructive testing technique
which is able to detect these small internal damage features. In this study, the in-plane local
defect resonance phenomenon is exploited to enhance the local heat generation at defects,
making them visible using an infrared camera.
Vibrothermography (or thermosonics) is an non-destructive testing method which uses the 
advantage of vibrational energy dissipation at defects in order to detect them with a 
thermographic system. Multiple mechanisms contribute to the defects’ heating: rubbing friction, 
viscoelasticity, adhesion hysteresis etc [1, 2]. In order to make this heating detectable, high 
vibrational amplitudes are required. Often, high power ultrasonic horns (> 1kW) are used to 
obtain the high vibrational amplitude and the detectable increase in temperature at the defects 
[3, 4]. This high power excitation imposes practical difficulties and can even introduce damage 
at the location of excitation. Recently, low power (few Watts) vibrothermography is proposed 
based on the concept of local defect resonance (LDR) [5, 6]. Under LDR frequency excitation, 
the defect is resonating resulting in a local high vibrational amplitude and a very efficient 
heating of the damaged region. In this case, small piezoelectric patches can be used as 
excitation source. 
Traditionally, LDR is known as out-of-plane local defect resonance (LDRZ). In this case, the 
defect resonates with dominant out-of-plane vibrations. Recently, the current authors showed 
the existence of in-plane local defect resonance (LDRXY) [7]. An LDRZ dominantly stimulates 
normal interaction of the defect’s interfaces and dissipates heat through adhesion and partial 
rubbing of touching asperities [1]. In contrast, an LDRXY leads to dominant tangential 
interaction (full rubbing) of both in-plane interfaces (such as delamination) as through-the-
thickness interfaces (such as matrix cracks and fiber breakages). Moreover, LDRXY 
frequencies are generally higher than LDRZ frequencies (due to the high in-plane bending 
stiffness) which naturally leads to increased viscoelastic and frictional dissipation [8]. Due to 
the reasons stated above, it is expected that LDRXY is more effective than LDRZ in terms of 
frictional heating at closures and will therefore enhance the detectability of defects using low 
power vibrothermography [9]. 
This experimental study investigates the heating of BVID under low power excitation at distinct 
LDRZ and LDRXY frequencies. A 3D scanning laser Doppler vibrometer is used to measure the 
specimen’s vibration while a cooled infrared camera records the temperature evolution. 
II. Methodology
The specimen used in this study is a 100x150x5.5 mm3 CFRP coupon with layup [(0/90)]6s.
The coupon was impacted with 6.3 J according to ASTM D7136 to introduce the BVID. Figure
1 shows a picture of the sample’s impact and back side with the corresponding C-scan
amplitude and time-of-flight images. This C-scan image reveals the complex nature of the
internal damage. A hair-like surface crack is visible on the back side of the sample as shown
by the microscopic inset.
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Figure 1: CFRP [(0/90)]6s test specimens with BVID and corresponding C-scan amplitude and time-of-
flight (TOF) images: (a-c) impact side, (d-f) back side 
A low power piezoelectric patch (PZT, type EPZ-20MS64W from Ekulit) combined with Falco 
System WMA-300 voltage amplifier is used for the excitation of vibrations. The in-plane and 
out-of-plane vibrations are measured using a 3D infrared scanning laser Doppler vibrometer 
(Polytec PSV-500 3D Xtra). A broadband sweep (1 kHz to 250 kHz) is performed to find the 
LDRZ and LDRXY frequencies. Several of the extracted LDR frequencies are examined by lock-
in vibrothermography with a modulation frequency of 0.05 Hz for two cycles in order to enhance 
the signal-to-noise ratio [10]. The vibrational heating is measured by a FLIR A6750sc infrared 
camera (controlled by Edevis GmbH hardware-software). 
III. Results and discussion
The experimental measurement results are summarized in Figure 2. For each LDR frequency,
the full field vibrational amplitude is shown together with the amplitude of lock-in
vibrothermography. The vibrometer images show the out-of-plane velocity component for the
LDRZ and the in-plane velocity component for the LDRXY. All LDRs are detected by lock-in
vibrothermography except for the LDRZ of the impact side at 23.5 kHz (Figure 2(g)). Overall,
there is a good agreement between the velocity and thermal maps. In two cases, i.e. Figure
2(j, u), heating caused by a global in-plane mode shape is visible.
Comparing the defect temperature (in digital levels (DL)) for the examined LDR frequencies 
confirms the higher heating (i.e. detectability) of LDRXY both for the impact and back side. As 
stated before, multiple factors influence the amount of heat generation: frequency of vibration, 
amplitude of vibration and defect morphology (depth, orientation, gap and morphology of 
asperities of relevant interfaces). It is believed that the LDRXY favors all three factors resulting 
in the superior detectability. The influence of defect morphology can explain why the LDRZ at 
35.2 kHz the maximum DL is higher compared to the LDRZ at 54.5 kHz, despite the lower 
maximum out-of-plane velocity amplitude.  
A good agreement is found between the lock-in vibrothermography images and the defect 
areas showing low values (i.e. shallow defects) for the time-of-flight C-scan (see Figure 1(c, 
f)). Exciting the LDRXY of deeper defect features would require even higher excitation 
frequencies.  Further investigation is needed to evaluate whether these LDRXY can be excited 
and if the resulting diffused thermal signature is detectable.  
Apart from the detection of the damages, it was recently shown by the current authors that the 
thermal response of damages subjected to broadband sweep excitation can be used to detect 
LDR frequencies.  
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Figure 2: Vibration (SLDV) and lock-in vibrothermal (LVT) measurement results for impacted [(0/90)]6s 
CFRP sample. 
IV. Conclusion
The performance of the, by the current authors, recently introduced in-plane LDR phenomenon
in low power vibrothermography is evaluated and compared with the classical out-of-plane
LDR. A CFRP coupon with cross-ply layup and BVID is used for this investigation. For distinct
LDR frequencies, the velocity response is measured by a 3D scanning laser Doppler
vibrometer and the thermal response is recorded using lock-in vibrothermography with a
sensitive infrared camera. It is shown that the excitation at in-plane LDR frequencies leads to
a superior heating and hence detectability compared to the excitation at out-of-plane LDR
frequencies. This can be explained by the increased in-plane friction of defect interfaces in
combination with the higher viscoelastic damping induced by higher in-plane LDR frequencies.
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